We report the observation of strong self-pulsations in oxide-confined vertical-cavity surface-emitting lasers. From optical spectra and intensity noise spectra, we deduce that the pulses are strongly chirped. © 2000 American Institute of Physics. ͓S0003-6951͑00͒02949-1͔
Self-pulsations in semiconductor edge-emitting lasers are well known; they can occur in a certain current range just above threshold. These self-pulsations can be seen as anomalously strong relaxation oscillations, and they transform into conventional relaxation oscillations at higher laser currents.
1,2 For applications of semiconductor lasers, like reading out optical-storage disks, self-pulsations play an important role, as lasers that exhibit self-pulsations are far less sensitive to optical feedback. 2, 3 For vertical-cavity surfaceemitting lasers ͑VCSELs͒, only short-pulsed emission at kHz repetition rates has been reported. 4 In this letter, we report self-pulsations in vertical-cavity surface-emitting lasers resulting from anomalously strong relaxation oscillations. We have observed this phenomenon most prominently in small oxide-confined VCSELs, and also in optically pumped VCSELs and proton-implanted VCSELs. 5 In particular, we show that these self-pulsations are strongly chirped.
Already for edge emitters several physical explanations have been given for self-pulsations, being based on nonlinearities such as saturable absorption 1,2 or intensity-dependent waveguiding, as in Kerr mode locking. 6 As it is difficult to discriminate between these models, in this letter we focus on experimental results.
The VCSELs that we have used are oxidized devices with three InGaAs quantum wells operating at 962 nm. The oxide is 25 nm thick and centered at a node of the optical field close to the active layer. The light emitted by the VCSEL was passed through a /4 and /2 waveplate in combination with a Faraday isolator (ϳ60 dB) to select the lasing polarization mode and to prevent optical feedback. Figure 1 shows the L -I curve of a typical VCSEL, where the threshold current was 0.81 mA and higher-order transverse modes started lasing above 2.0 mA. Note that the L -I curve is superlinear as a function of current. We will show that one can distinguish, based upon the spectral width, four regimes within fundamental transverse-mode operation: ͑I͒ below threshold, ͑II͒ around threshold, ͑III͒ moderately above threshold, and ͑IV͒ relatively high above threshold. The width ͓full width at half maximum ͑FWHM͔͒ of the optical spectrum as function of laser current is also shown in Fig. 1 . These optical spectra were measured with a home-built Fabry-Pérot interferometer with a free spectral range ͑FSR͒ that can be adjusted between 5 and 150 GHz. Each width, as plotted in Fig. 1 , was determined from different measurements with convenient FSRs, resulting in an error in the widths of less than 5%. Moreover, the measurements for settings with very broad spectra were checked with a gratingbased spectrometer ͑resolution 10 GHz͒, whereas the small linewidths for higher drive currents were verified with a selfheterodyne fiber delay setup ͑resolution kHz͒. The most intriguing is regime ͑III͒, where anomalous spectral broadening occurs and where the optical spectrum is about a thousand times wider than typical VCSEL linewidths. 7 The optical spectra, as measured with the Fabry-Pérot interferometer, are shown in detail in Fig. 2 . The spectra were taken at currents of iϭ0.82 mA, iϭ1.26 mA, and i ϭ1.53 mA, respectively. Below threshold we observe a very broad Lorentzian-shaped spectrum, with typical widths of 5-20 GHz ͑not shown͒. Increasing the laser current toward threshold, the linewidth narrows rapidly to Ϸ1.5 GHz around threshold. An optical spectrum in regime ͑II͒ is shown in Fig. 2͑a͒ . For currents higher above threshold the width increases again ͓regime ͑III͒ in Fig. 1͔ . Besides this anomalous spectral broadening, also two ''ears'' appear at the edges of the spectrum, where the ear at the low-frequency side is relatively stronger. Increasing the current, the asymmetry becomes stronger, and local minima and maxima between the ears become visible in the spectrum. Such a spectrum is shown in Fig. 2͑b͒ . ͑Note the different frequency scales.͒ At a current of 1.23 mA the optical spectrum had its maximum width of 58 GHz, being much broader than the emission spectrum below threshold. We found a transition to fourth regime ͑IV͒ around a current of 1.50 mA, where we started to resolve sharp peaks at the position of the weaker ͑high-frequency͒ ear in the optical spectrum ͑not shown͒. For a slightly higher current, the spectrum consisted of a strong main mode with several relaxation oscillation sidebands, as shown in Fig. 2͑c͒ . At increasing current, these sidebands shifted to higher frequencies and rapidly became weaker and disappeared ͑not shown͒. The linewidth ͑FWHM͒, as measured with the selfheterodyne fiber delay setup, decreased to below 200 MHz.
Concurrently, we also measured intensity noise spectra with a 6 GHz photoreceiver ͑New Focus 1514͒ and a 25 GHz rf analyzer ͑HP 8563E͒. Typical intensity noise spectra of each regime are shown in Fig. 3 , which were measured at currents of iϭ0.82 mA, iϭ1.26 mA, and iϭ1.64 mA, respectively. Figure 3͑a͒ displays the intensity noise in regime II, which consisted of a rather asymmetric peak. Increasing the laser current, the damping of the intensity noise decreased, resulting in an intensity noise spectrum with a very narrow peak with several ͑up to six͒ higher-order harmonics ͓see Fig. 3͑b͒ , which corresponds to the same setting as Fig.  2͑b͔͒ . Increasing the current leads to regime ͑IV͒; the intensity noise power decreased roughly two orders of magnitude, and normal relaxation oscillations were measured. This is shown in Fig. 3͑c͒ , where all higher-order harmonics have disappeared at iϭ1.64 mA. The dashed curve is a fit based on a standard expression for the intensity noise in the presence of relaxation oscillations. 8 The additional lowfrequency peak arises from polarization modal noise. 9 The frequency and width ͑FWHM͒ of the intensity noise, as determined from the fundamental harmonics in Fig.   3 , are plotted in Fig. 4 as a function of current. Typical values of 25 MHz for the width in regime ͑III͒ were obtained. The dependence of the relaxation oscillation frequency on the current, as displayed in Fig. 4 , is surprisingly similar to that found for edge emitters. 2 Much information can be extracted from a more-detailed analysis of Figs. 2 and 3. As a first example we analyze the strong modulation of regime ͑III͒. In Fig. 3͑b͒ , the ''area underneath the intensity noise peaks'' can be used to estimate the modulation depth, for which we find approximately 100%, i.e., from on to off. Furthermore, although the peak relative intensity noise ͑RIN͒ of the various harmonics falls off rather rapidly, their spectral width also increase rapidly ͑roughly quadratically with harmonic order͒, so that the integrated noise power per harmonic decreases only mildly. This shows that the output intensity in regime ͑III͒ is concentrated in short optical pulses, with a high degree of periodicity determined by the spectrally narrow fundamental peak. During each pulse the inversion ͑and gain͒ is expected to drop rapidly, followed by a gradual buildup toward the next optical pulse ͑as in Q switching͒. Due to a nonzero linewidth enhancement factor ␣, the refractive index of the gain medium will change simultaneously and the optical pulse will exhibit a considerable amount of frequency chirping, from high to low frequency. This explains why the optical spectrum of Fig. 2͑b͒ , which resembles that of a phasemodulated laser, 10 is so much broader than the accompanying intensity noise spectrum of Fig. 3͑b͒ . In fact, a comparison of the 58 GHz width in Fig. 2͑b͒ with the 1.55 GHz fundamental frequency in Fig. 3͑b͒ gives an estimated phase sweep of as much as 2mϭ58/1.55ϭ37 rad, where m is the modulation index.
In regime ͑IV͒ the modulation is less deep and approximately harmonic, so that the optical field experiences the usual combination of amplitude ͑AM͒ and phase or frequency ͑FM͒ modulation. From the integrated noise power in Fig. 3͑c͒ we deduce an AM field modulation of 6͑1͒%. From the relative strength of the sidebands in the accompanying optical spectrum ͑not shown͒ we find a phase modulation index of mϭ0.58(5) rad, which would suggest an unreasonably large value of ␣ϭ0.58/0.06ϭ9 (2) . This shows that there must be additional damping mechanisms, which damp only intensity but not phase fluctuations; nonlinear gain is an obvious candidate.
11
The VCSELs used in the experiments have an oxidation mask diameter of dϭ2.3 m. For identical VCSELs with larger values of d, we found a strong dependence of the strength of the intensity fluctuations on the oxidation diameter. For dϭ3.1 m we observed, at most, a second harmonic in the intensity noise spectra ͓to be compared to Fig.  3͑b͔͒ , whereas devices with dϭ3.9 and dϭ4.7 m showed only very weak relaxation oscillations. This dependence can easily be understood, since for oxide-confined VCSELs with smaller apertures, the modal overlap with the unpumped regions outside the oxide aperture increases, thus resulting in stronger waveguiding effects 12 and in stronger saturable absorption. Other properties of the oxide, besides its diameter, that could effect the strength of the self-pulsations are under study; the lateral position of the oxide compared to the field node may be important, whereas defects in the oxide ͑or stress͒ are expected to have a minor effect. Furthermore, we observed these self-pulsations in a limited range around threshold also for 850 nm protonimplanted VCSELs, with dϭ10 m, and in optically pumped VCSEL; in both cases a third harmonic in the intensity noise showed up. As the dimensions of the various structures are rather different, we conclude that their size alone does not fully determine the strength of self-pulsations in VCSELs.
In conclusion, we have observed strong, chirped selfpulsations in oxide-confined VCSELs, and a strong dependence of the self-pulsation strength on oxidation diameter. We have shown that large anharmonic oscillations are the cause of the anomalous broadening of the optical spectrum ͓see regime ͑III͔͒. By using standard compression techniques 13 the chirped pulses are, in principle, compressible to less than 20 ps pulse duration.
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